Abstract-In this paper, we consider the problem of moving target detection, and a novel radar system with multiple moving platforms is proposed. Each moving platform is equipped with multiple colocated antennas and serves as a transmitter or a receiver. Thus, this system possesses the advantages of both distributed and colocated multiple-input multiple-output radars. To exploit the clutter sparsity in the surveillance area, a novel compressed sensing (CS)-based model is proposed. Since the clutter cannot exactly reside on discretized grids often employed by most CS approaches, a novel two-step algorithm which extends the orthogonal matching pursuit is proposed to reconstruct the off-grid clutter. Then, a fusion center combines all received signals by using a generalized likelihood ratio test to detect the moving target. To further improve the detection performance, a novel online waveform optimization algorithm is developed to maximize the signal-to-clutter-and-noise ratios of each transmitter platform. Extensive simulation results are provided to demonstrate the effectiveness of the proposed radar system and algorithms.
with multiple moving platforms is proposed, where colocated MIMO antennas are deployed in each platform. In such a radar system, the advantages of both colocated and distributed MIMO radars can be exploited, and waveforms can be optimized to improve the target detection performance.
In the target detection problem, the echo from the target is interfered by those from the radar clutter, which can be categorized into the following two types: 1) Homogeneous clutter: The clutter distributions are identical among the detection and adjacent areas, and the clutter information can be estimated from the secondary data of the adjacent areas [4] [5] [6] ; 2) Non-homogeneous clutter: The non-stationarity of the radar working environment can cause the nonhomogeneity of clutter, where the clutter distributions are different among resolution cells and changing over time [3] , [7] . During the process of target detection in homogeneous clutter, the clutter information is estimated from the adjacent areas without a target. For example, by estimating the covariance matrix of the clutter, the detector based on the generalized likelihood ratio test (GLRT) is proposed in [8] , [9] . Moreover, by estimating the compound-Gaussian clutter, the GLRT for the moving target is proposed in [10] .
However, with non-homogeneous clutter, the clutter distributions are location dependent and changing with time, which must be estimated from the detection area instead of the adjacent areas [11] . Different methods have been proposed for the purpose of clutter parameter estimation. For example, non-homogeneous clutter is described by Gaussian distributions with different means and variances in [12] . In distributed MIMO radar, random matrices [13] , auto-regressive (AR) models [14] and low-rank subspaces [7] can be used to model non-homogeneous clutter. Given clutter parameter estimates, various detection methods, such as the GLRT [15] and the Rao-and-Wald detector [16] , can be applied.
To further improve the target detection and estimation performance, the radar system can be optimized based on the characteristics of the target, clutter and noise. In MIMO radar, two types of optimization can be performed.
1) Beampattern design:
The transmitted waveforms and weight vector are chosen to approach a desired spatial beampattern [17] [18] [19] [20] [21] . 2) Waveform optimization: Since independent waveforms are transmitted in MIMO radar, the waveforms can be optimized to improve some specific performance metrics. For example, the mutual information between the received waveform and the target impulse response is maximized in [22] . For the environment with both clutter and noise interferences, the waveforms can also be optimized to improve the target estimation and detection performances [23] [24] [25] . Additionally, the joint optimization of both the receiver filter and waveforms is proposed in [26] . Several other optimization methods, including the alternating projection-based method [27] and the ambiguity function-based method [28] , [29] , have also been proposed. However, all these optimization methods are based on the estimated information from the secondary data in the adjacent areas, including the knowledge of the clutter and noise. When the clutter is non-homogeneous, such knowledge cannot be obtained from the secondary data, and must be estimated from the primary data in the detection area [12] , [30] , [31] . Therefore, in this paper, based on the estimated information of the target and clutter from the primary data, a novel method is proposed to optimize the transmitted waveforms online by maximizing the signal-to-clutter-and-noise ratios (SCNRs) of the received signals in multiple moving platforms with colocated MIMO antennas.
Since the radar platforms considered in this paper are moving and the clutter distributions are different among resolution cells, it is more appropriate to describe the clutter by a nonhomogeneous model. In particular, by exploiting the sparsity of clutter a compressed sensing (CS)-based model is proposed to describe the clutter. When the clutter scatterers are on the discretized grids, the traditional CS methods including 1 relaxation algorithms or the greedy algorithms [32] can be adopted to reconstruct the sparse signal. On the other hand, when offgrid problem is considered and the clutter scatterers are not on the discretized grids, a joint CS problem can be formulated, and methods such as the JOMP algorithm [33] can be adopted to reconstruct the sparse vector. To further improve the CS reconstruction performance, we propose a novel two-step OMP algorithm, where the on-grid and off-grid components of the sparse vector are iteratively estimated using the dictionary matrix and the derivative matrix, respectively. Then, based on the estimated information about the target and clutter from the received signal, the GLRT is performed to detect the target.
The remainder of this paper is organized as follows. The MIMO radar model with colocated antennas on multiple moving platforms is given in Section II. The GLRT for detecting moving target is proposed in Section III. Section IV proposes the CS-based method to estimate the target and clutter parameters. Then, Section V optimizes the transmitted waveforms of each transmitter moving platform. Simulation results are given in Section VI. Finally, Section VII concludes the paper.
II. COLOCATED MIMO RADAR SYSTEM ON MULTIPLE MOVING PLATFORMS
Based on the distance between antennas, MIMO radar systems can be categorized into the following types: 1) Distributed MIMO radar: The antennas are widely separated, and the spatial diversity of the target's radar cross section (RCS) can be exploited to improve the target detection performance [34] . 2) Colocated MIMO radar: The antennas are close to each other, and adaptive array processing, including waveform and beam-pattern optimization [35] , [36] , can be performed to exploit the waveform diversity. Additionally, according to the position of transmitter platform (TX) and receiver platform (RX), colocated MIMO radar can be categorized into the following types: a) Monostatic MIMO radar: The TX and RX are close to each other, and all antennas are colocated. Then, more reliable target detection and beam-pattern design can be achieved [37] . b) Bistatic MIMO radar: The TX and RX are widely separated, and the antennas are only colocated inside TX or RX. Then, the higher target localization performance can be achieved with the different view angles from TX and RX [37] , [38] . Different from the existing distributed and colocated MIMO radar systems, Fig. 1 shows the proposed MIMO radar system, where multiple widely separated moving platforms are deployed and MIMO antennas are employed in each moving platform. More waveform diversity can be introduced, and the transmitted waveforms can be optimized to further improve the target detection performance. Therefore, the proposed system is able to offer some of the benefits of both colocated and distributed MIMO radar and provide a tradeoff between these two systems. Since TXs and RXs are widely separated, this radar system is also an extended version of the bistatic MIMO radar. There are multiple TX-RX pairs and both TX and RX are colocated radars, so collectively, this is a multi-static phased-array radar. Therefore, a fusion center is needed to collected all the data and process the signals together.
The numbers of TXs and RXs are M and N , respectively, and the numbers of antennas of the m-th TX (0 ≤ m ≤ M − 1) and the n-th RX (0 ≤ n ≤ N − 1) are P m and Q n , respectively. In each radar platform, the distance between the antennas is d T , which is a half of the wavelength. The velocities of the mth TX, the n-th RX and the target are v T ,m ∈ R 2 , v R,n ∈ R 2 and v ∈ R 2 , respectively, where we assume that both v T ,m and v R,n are known but not v. p ∈ R 2 , p T ,m ∈ R 2 and p R,n ∈ R 2 denote the positions of target, the m-th TX and the n-th RX respectively. As shown in Fig. 1 , the detection area for each TX-RX pair forms an ellipse, with the TX and RX being the focal points, and the echo waveform from the target is interfered by that from clutter in the same ellipse. Since the target and radar platforms are non-stationary and the geographic distributions of clutter are different among TX-RX pairs, the clutter interferences are nonhomogeneous, and the clutter information can only be obtained from the detection area instead of the adjacent areas. Moreover, the Doppler frequencies of clutter are also nonzero because of the relative movement between radar platforms and clutter.
As shown in Fig. 2 , the radar waveforms are transmitted by the m-th TX, echoed from the moving target and received by the n-th RX. We denote (m, p) as the p-th antenna of the m-th TX (0 ≤ p ≤ P m − 1), and (n, q) as the q-th antenna of the nth RX (0 ≤ q ≤ Q n − 1). Then, the continuous-time transmitted waveform from the (m, p)-th TX antenna can be expressed as Re s m ,p (t) e j 2π f c t , where s m ,p (t) denotes the baseband complex waveform, f c denotes the carrier frequency, c denotes the velocity of light, and T denotes the pulse duration. K pulses are transmitted with the pulse repetition interval (PRI) being T p . Assuming MT T p , the signals transmitted by different TXs are orthogonal. Then, the received signal by the (n, q)-th RX antenna during the k-th pulse (0 ≤ k ≤ K − 1) of the transmitted signal from the m-th TX is given by [3] , [4] y m ,(n,q) (t k ) = Re
where
, and α m ,n denotes the scattering coefficient of the target. The delay from the (m, p)-th TX antenna to the (n, q)-th RX antenna is defined as τ (m ,p),(n,q) (θ m ,n ), which is a function of the target angle θ m ,n . For simplicity, all delays are relative to the delay between the 0-th TX antenna and the 0-th RX antenna, i.e., τ (m ,p), (n,q) 
For K pulses, the Doppler vector of the m-th TX and the n-th RX can be obtained as
and
Then, collecting the received signals from all Q n antennas,
with
y m ,(n,q) (k)
Collecting all K pulses of Y m ,n (k), the received signal can be represented by an LKQ n -dimensional vector
. (10) After obtaining the above received signal from the target, the received signals from clutter scatterers can be similarly obtained. As shown in Fig. 1 , the echo waveform from the target is interfered by that from the clutter in the same ellipse. Then, following the same derivation, the received signal from clutter can be expressed as
where C m ,n is the number of clutter scatterers in the same ellipse, β m ,n,c and ζ m ,n,c are respectively the scattering coefficient and angle of the c-th clutter. Since clutter is stationary, where we have
Finally the received signal by the n-th RX due to the transmitted signal from the m-th TX is given by
where n m ,n ∼ CN 0, σ 2 n I LK Q n is the additive white Gaussian noise (AWGN), σ 2 n is the noise variance and LKQ n is the length of the vector r m ,n .
In this paper, we assume that the platform velocities (v T ,m and v R,n ) and positions (p T ,m and p R,n ) are known. Since we detect whether the moving target is present at the position intersected by ellipses as shown in Fig. 1 , the target angle θ m ,n and position p are known. However, α m ,n , v, β m ,n,c , and ζ m ,n,c are all assumed unknown.
III. MOVING TARGET DETECTION
In most existing works on MIMO radar, the radar is static and the target can be either static [39] [40] [41] or moving [4] , [7] , [14] . In [3] , moving target detection with distributed moving MIMO radar platforms is considered, where there is only one antenna in each radar platform. Here, we propose a GLRT-based moving target detection method using multiple moving platforms with colocated MIMO antennas.
First, based on the signal model developed in the previous section, the detection problem can be expressed as
where H 0 and H 1 denote the hypotheses corresponding to the absence and presence of target, respectively. We define r vec {R}, y vec {Y }, z vec {Z}, n vec {N }, where
and Y , Z, and N are similarly defined. In this paper, the clutter is location dependent, so the clutter interferences are non-homogeneous and changing with the moving radar platforms. Therefore, the characteristics of clutter distribution cannot be estimated from the adjacent areas without target, and the traditional methods for target detection based on the statistical information, such as covariance matrix or subspace detector [4] , [7] , [10] , cannot be adopted. To overcome this problem, the GLRT detector is adopted, and the echo waveforms from target and clutter are estimated during the processes of target detection without using the statistical information of target and clutter. The GLRT detector has the following form
where λ G is the detection threshold, and
Some special cases of the GLRT detector in (16) are as follows 1) Static distributed MIMO radar: Set the antenna numbers as
, and only consider the Doppler frequencies caused by moving target, which is considered in [7] . 2) Moving distributed MIMO radar: Set the antenna numbers as
, and consider the Doppler frequencies caused by both moving radars and target, which is considered in [3] . 3) Colocated MIMO radar: Set the radar platform numbers as M = 1 and N = 1, and consider the Doppler frequencies caused by both moving radars and target. The target estimation performance for this case is provided in [42] . So far no moving target detection method has been proposed for moving colocated MIMO radar and only the Cramér-Rao lower bound (CRLB) for the angular resolution is given in [42] . As a special case of (16), a GLRT detector is also proposed for moving distributed MIMO radar in [3] . The GLRT detector in (16) unifies both the colocated and distributed MIMO radars and can handle both static and moving radar platforms or target. Moreover, by introducing waveform optimization and employing more antennas in each moving radar platform, the detection performance can be further improved.
From (13) and (14), we have
where N n=1 MKLQ n is the dimension of r. Since y is a function of (α, v) and z is a function of (β, ζ), the GLR in (16) becomes
where we define g 0 (r, z) r − z 
Then, the GLRT detector in (16) becomes
The detection threshold λ G is chosen according to a false alarm rate specified for the radar operation. The distribution of the generalized likelihood ratio can be obtained from simulations or experiments under the null hypothesis (i.e., no target is present). Then, the corresponding detection threshold λ G can be obtained from the predetermined probability of false alarm.
IV. ECHO WAVEFORM ESTIMATION
According to the data from the MIT Lincoln Laboratory Phase One radar [43] and the relative power of the eigenvalues in the clutter spectrum [44] , the clutter spectrum of MIMO radar is dominated by the strong components which are sparse. Therefore, in this section, under the assumption that the clutter is distributed sparsely in the detection area, a CS-based model is proposed to describe the geographically sparse clutter and to estimate the echo waveforms in (23) and (24) via sparse reconstruction.
To detect the target, the parameters associated with the detection problem under both hypotheses, i.e., with the absence and presence of target, must be estimated first. This is a standard approach for detection, which essentially compares the two sets of estimates and selects the hypothesis that provides a better fitting to the data [45] . Then, the detection formula and the corresponding detection threshold in (16) can be obtained. Therefore, the parameters will be estimated under these two hypotheses in the following contents. 
A. Waveform Estimation With the Absence of Target
From (11) the echo waveform z m ,n is a function of clutter scattering coefficients and angles. As shown in Fig. 3 , with an angle step Δζ, the clutter angle is discretized into a vector of
T . Then a dictionary containing all echo waveforms from the angles in ζ can be obtained
. (27) Note that to form H m ,n (ζ), the following system parameters are assumed known: The clutter angles and scattering coefficients are not known and need to be estimated by CS reconstruction. However, the clutter may not be exactly on the discretized angle grid ζ. Therefore, the estimation problem of both scattering coefficients and angles becomes an off-grid CS problem [46] , [47] .
In particular for the c-th clutter, we can first approximate the off-grid echo waveform β m ,n,c h m ,n (ζ m ,n,c ) by the first-order Taylor series expansion [47] , i.e.,
2 is the off-grid angle. Then, the clutter angle ζ m ,n,c can be approximated by
Therefore, the echo waveforms from clutter in (11) can be rewritten as the off-grid CS model (30) where denotes the Hadamard product (entry-wise product), x m ,n is a sparse vector and the nonzero entries indicate the scattering coefficients, p m ,n is the corresponding sparse vector indicating the off-grid angle. However, in the JOMP algorithm, the matrices H m ,n (ζ) and H m ,n (ζ) are treated with equal importance. On the other hand it is more appropriate to reconstruct the sparse vector according to the dictionary matrix H m ,n (ζ) and estimate the off-grid angles via the derivative matrix H m ,n (ζ). Therefore, inspired by alternating minimization and CS dictionary learning [48] , [49] , a two-step OMP algorithm is proposed here to reconstruct x m ,n and p m ,n . The reason why we develop an algorithm based on OMP is the proposed algorithm can achieve good performance while inherits the good efficiency of the OMP algorithm, compared with NESTA [50] , OGSBI [47] and other algorithms. Therefore, the two-step OMP can obtain a good trade-off between the estimation performance and the computational complexity.
Define X m ,n diag {x m ,n }. Then (31) can be written as Λ ← ∅, and b ← r 1 . 5: X Λ serves as the new dictionary and is used to estimate the off-grid anglep m ,n,Λ from (r m ,n − H m ,n,Λ (ζ)x m ,n,Λ ). Therefore, the second step is not a sparse estimation problem, andx m ,n andp m ,n have the same support Λ. Here x Λ denotes the subvector of x corresponding to the elements with indices in Λ, and H m ,n,Λ denotes a sub-dictionary matrix of H m ,n with column indices in Λ. The detailed procedure is given in Algorithm 1. The computational complexity of the proposed method in one iteration is O(ZLKQ n C m ,n ) + O(C m ,n ). Moreover, Algorithm 1 is different from applying the OMP method twice. The OMPbased method cannot handle the off-grid reconstruction problem, where the clutter cannot be exactly at the discretized grids, and the traditional OMP method can only solve the sparse reconstruction problem with the assumption that the non-zero elements are exactly on the discretized grids. However, Algorithm 1 can estimate the sparse clutter with the offgrid assumption, and further improve the clutter estimation performance.
The estimated echo waveform from clutter is then
and the estimated clutter waveform in (26) is given byẑ 0 = vec{Ẑ}.
B. Waveform Estimation With the Presence of Target
Since the received signal now is the superposition of waveforms from both clutter and target, an iterative algorithm can be used to estimateẑ 1 andŷ in (24) as given in Algorithm 2.
At Step 4 of Algorithm 2, due to the target movement, the target velocity v needs to be estimated first. We can discretize the target velocity and obtain the estimated velocityv by minimizing the orthogonal projections. Then, the target scattering coefficient can be estimated asα m ,n . The target component of the received signal can be obtained asŷ m ,n =α m ,n h m ,n (θ m ,n ,v). Then, using our Algorithm 1,ẑ 1 can be obtained from r −ŷ. Next, we can re-estimate the target waveformŷ from r −ẑ 1 . Iterate these steps until reaching the stopping criterion.
Finally, given the estimatesŷ,ẑ 1 andẑ 0 , the GLRT detector in (25) can be computed. Moreover, in such a case with additional scatterers simultaneously in the same range resolution cell and antenna main beam, the target detection method can be also used.
V. WAVEFORM OPTIMIZATION
In the GLRT detector, the scattering coefficients and angles of both target and clutter are estimated. Based on these estimates, we can further improve the target detection performance by online optimizing the transmitted waveforms {s m ,p , m = 0, . . . , M − 1, p = 0, . . . , P m − 1}. In particular, for each TX m, we can maximize the SCNR under the transmit power constraint. Since all RXs can receive the waveforms transmitted by the m-th TX, the SCNR for the m-th TX can be measured by using the received signals at all RXs.
A. Problem Formulation
As stated in Section IV, the clutter sparse vectorx m ,n and off-grid vectorp m ,n can be reconstructed using Algorithm 1. Then, the clutter scattering coefficientsβ m ,n and anglesζ m ,n can be obtained from the nonzero entries ofx m ,n andp m ,n respectively. Additionally, the target scattering coefficientα m ,n and velocityv are estimated using Algorithm 2. Using (9)- (10), the power of the target echo waveform is given in (34) shown at the bottom of the page, where we have used the following identities:
Tr
Similarly, the total power of the clutter echo waveforms can be obtained from (11), as (35) shown at the bottom of the page. 
where P ⊥ (h m ,n (θ m ,n , v))
.
5:
for m = 0, . . . , M − 1 and n = 0, . . . , N − 1 do For the m-th TX, collecting the received signals by all RXs which are sent to the fusion center, the total power of clutter echo is
The power of the target echo is
Therefore, the SCNR for the m-th TX can be expressed as [3] , [25] 
where the noise power P N ,m = σ
n =0 Q n . Then, the waveform optimization problem for the m-th TX can be written as
where E s is the power constraint of the m-th TX.
B. Solving the Waveform Optimization Problem
To solve the waveform optimization problem in (43), we rewrite it as
Note that the optimal solution satisfies Tr {W m } = E s . To see this, suppose otherwise Tr {W m } < E s and define γ = E s
Thus, the objective function in (44) can be simplified as
Defining D m C m + P N , m E s I P m , the waveform optimization problem can be expressed as
where the rank and semidefinite constraints ensure that W m can be decomposed as
In (46), the objective function is a quasiconvex linear-fractional function [51] , and all the constraints except for the rank constraint are convex. Since
T ∈ C P m ×P m and Rank {W m } ≤ P m , we consider the following two cases.
Then, the rank constraint can be removed, and we have the following optimization problem 
Since the convex optimization problem (49) is an SDP problem [53] , it can be solved efficiently by the CVX toolbox [54] or the interior point method [51] , [56] . Then, the optimal solution to (48) is
With the eigen-decomposition
where Γ m = Rank {W m }, λ m ,i and v m ,i are the ith largest eigenvalue and eigenvector, respectively. The optimal waveform matrix is
2) If P m > L, similarly, we first remove the rank constraint Rank {W m } ≤ L, and solve the relaxed problem in (48) to obtain (50) and (51). a) If Γ m ≤ L, the relaxed problem provides the optimal solution and the optimal waveform matrix is 
VI. SIMULATION RESULTS
In this section, we provide simulation results to illustrate the performance of detecting the moving target with multiple moving radar platforms. As shown in Fig. 4 , there are M = 2 TXs and N = 2 RXs, and each TX or RX has P m = Q n = 4 antennas (m = 1, 2; n = 1, 2). The positions and antenna angles of TXs and RXs are shown in Table I , where the antenna angle 
and SCNR is defined as
Since the noise can be greatly reduced by the accumulation in the detection, the detection performance is mostly affected by the clutter. In our simulations, we use the SCNR setting of −28 dB and −31 dB. The strong clutter scatterers are sparse in the radar detection area, but the low-level bald earth clutter scatterers [55] are not sparse and there are multiple low-level clutter scatterers in each resolution cell. The power ratio between the strong sparse clutter and the bald earth clutter is 10 dB. In Algorithm 1 to estimate the scattering coefficients and angles of clutter, the angle resolution of the dictionary matrix is Δζ = 2, and the detection area ζ is 100 around the target. m/s), and the clutter are uniformly distributed around the target in each simulation.
A. Effect of Waveform Optimization With Perfect Parameters of Target and Clutter
First, with the perfect Parameter information of target and clutter, we optimize the transmitted waveform based on the method proposed in Section V, and the receiver operating characteristic (ROC) curves are shown in Fig. 5 . The curves for random waveforms are obtained by averaging the ROC curves of 10 4 Gaussian random waveforms. Since the parameters are known, the likelihood ratio test (instead of GLRT) is used, and the ROC performance improvement due to waveform optimization is clearly shown in Fig. 5 . By optimizing the transmitted waveforms, the target detection performance can be significantly enhanced. However, in practice, the parameters of target and clutter are unknown, and they are estimated using Algorithm 1 and Algorithm 2 in the following simulations. The estimated parameters are used in both waveform optimization and in GLRT.
B. Effect of Waveform Optimization With Estimated Parameters of Target and Clutter
By optimizing the transmitted waveform, the transmit beampattern forms nulls at the clutter directions, and a peak at the target direction. Therefore, the SCNR of the received signal can be increased. In Fig. 6 , the transmit beampattern of the optimized waveform and the beampattern of the Gaussian random waveform are plotted against the angle of the surveillance area. Two TX platforms denoted as TX 1 and TX 2 are used to transmit the waveforms, and the waveform is individually optimized at each platform. The optimized waveforms at both TX platforms has large power gain at the target direction, while having small power gain at the clutter direction, as shown in Fig. 6 . However, the random waveform has almost the same power gain over all the angle, and cannot improve the SCNR of the received signal. As a result, the better detection performance can be achieved by the optimized waveform.
In Fig. 7 , the clutter positions, target velocity and scattering coefficients are estimated by Algorithm 1 and Algorithm 2. Then, the GLRT is performed based on (25) . In this figure, three types of waveforms are compared including the random waveform, the optimized waveform with the perfect parameter information of target and clutter, and the optimized waveform with the estimated parameters of target and clutter. By optimizing the transmitted waveform, the target detection performance can be significantly improved. Additionally, the optimized waveforms with the estimated parameters of target and clutter have almost the same performance as those with perfect information, where the estimated parameters are obtained from the echo waveforms of the random transmitted waveforms.
C. Comparison With the Distributed MIMO Radar
In Fig. 8 , we compare the ROC performance of the proposed system with that of the distributed MIMO radar [3] . In these simulations, the random waveforms are transmitted first, and both Algorithm 1 and Algorithm 2 are used for the rough estimation of the target and clutter parameters. Then, the transmitted waveforms are optimized according to the estimated parameters, and the GLRT is used for detection based on the optimized waveforms. The distributed MIMO radar has the same system parameters with the proposed radar system, but there is only one antenna at each moving platform (P m = Q n = 1, m = 1, 2; n = 1, 2). Hence there is no freedom to optimize the transmitted waveforms and to improve the SCNR, and hence constant waveforms with full power are transmitted in the distributed MIMO radar. It is seen that, for both SCNR = −28 dB and SCNR = −31 dB, the proposed radar system achieves better target detection performance than the distributed MIMO radar system. Additionally, the ROC performance is improved more significantly by increasing the SCNR in the proposed radar system than that in the distributed MIMO radar system.
D. Comparison With the Colocated Bistatic MIMO Radar
In Fig. 9 , we compare the ROC performance of the proposed radar system with that of the colocated bistatic MIMO radar, which corresponds to M = N = 1 in the proposed radar system. In these simulations, the parameters of clutter and target are estimated according to the random waveforms. Then, the transmitted waveforms are also optimized based on the estimated parameters, and finally the GLRT is adopted to detect the target. Since the positions, velocities and antenna angles of radar platforms affect the target detection performance, all these parameters are the same for both the proposed radar and the colocated bistatic MIMO radar. The transmitted waveforms are optimized in both radar systems. Since more platform diversity can be provided in the proposed radar system, it is seen that a better ROC performance is achieved compared with the colocated bistatic MIMO radar. Increasing the target velocity can improve the target detection performance in both the proposed and colocated radars, but not so in the distributed MIMO radar. For a given target velocity, a better ROC performance is achieved by the proposed radar system than both the distributed and colocated MIMO radars. Additionally, more significant ROC improvement can be achieved by increasing the target velocity in the proposed radar system.
E. Effects of Various
2) Antenna Number: In Fig. 11 , the effect of antenna number is demonstrated, where P m = Q n ∈ {2, 4, 6, 8}, (m = 1, 2; n = 1, 2). Since increasing the antenna number can improve the degree of freedom in waveform optimization, better ROC per- formance can also be achieved. Therefore, more antennas are preferred in the proposed radar system.
3) Target Offset: In Fig. 12 , the sensitivity of our algorithm is given, where the detection probability of the proposed algorithm is plotted against the relative range offset of the target. Here the relative offset is defined as the fraction of target offset and the size of range resolution cell. As can be seen from the figure, as the relative offset increases, the detection probability will decrease slightly. The decrease in the detection performance is within 5%. Hence, it is reasonable to conclude that the proposed method of target detection is not sensitive to a slight target offset.
VII. CONCLUSION
We have proposed a novel radar system for detecting moving target by multiple moving platforms, where colocated MIMO antennas are used in each platform. To exploit the geographical sparsity of clutter, the CS-based model has been employed, and a novel two-step OMP algorithm has been proposed to solve the clutter off-grid problem. Then, the moving target can be detected by the GLRT detector in the fusion center. To further improve the target detection performance, a novel waveform optimization technique has been proposed to maximize the SCNR of echo waveform in each moving transmitter platform. Simulation results demonstrate the advantages of the proposed radar system in detecting the moving target over the existing distributed and colocated MIMO radars, and both the waveform optimization and the proposed reconstruction algorithm can further improve the detection performance. Further works will focus on the detection problem with multiple moving targets in the proposed radar system.
APPENDIX
In Section II, the echo waveform as a function of both delay and Doppler frequency is given. In this appendix, we give the expresses of delay and Doppler frequency based on the geometrical relationship between the target and radar platforms.
The delay from the (m, p)-th TX antenna to the (n, q)-th RX antennas is [57] τ (m ,p),(n,q) (θ m ,n ) = (57) As shown in Fig. 2 , the target view angles from TX and RX can be denoted as θ T ,m and θ R,n respectively, which can be obtained by the geometrical relationship of ellipse [37] , [58] as (58) and (59) denote respectively the major and minor axes of the ellipse formed by the m-th TX and n-th RX which are assumed constants during the K pulses of observations. The parameter θ m ,n has the following relationship with target angle θ m ,n [37] 
